Abstract. We exploit the transition matrix technique, based on the multipole expansions of the electromagnetic fields, to calculate the optical properties of interstellar dust, modelled as composite, irregularly shaped particles. We consider two different mechanisms of aggregation leading to clusters with a different structure and degree of fluffiness: ballistic particle-cluster aggregation and ballistic cluster-cluster aggregation. We study how the morpholgy and chemical composition of such aggregates might affect their dynamical behaviour, leading to the removal of dust from the circumstellar radiation field or to the possibility of confining it in stable regions where gravitational and radiation forces balance.
Introduction
It is generally accepted that interstellar grains are composites of a large number of very small subunits with cavities and voids. This fluffiness is the result of grain formation and evolution, and depends on the particular host astronomical region. The formation of aggregates by coagulation has been discussed extensively elsewhere [1, 2, 3, 4] .
There is no direct observational evidence of the final result of the aggregation processes. Wurm and Schnaiter [5] argue against the existence of dust aggregates composed of a great number of monomers and suggest small clusters, up to 8 − 16 monomers, as good candidates to explain some relevant observables. According to their calculations, big clusters fail to explain the observed polarization effects since the polarization induced by the special shape and orientation of a monomer is balanced by the polarization due to another monomer with opposite orientation. On the other side, theoretical expectations exist that coagulation is a very efficient mechanism for producing large aggregates composed of some hundreds or even thousands of sub-grains in regions with gas densities larger than a million hydrogen nuclei per cubic centimeter [1] .
Because of the complexity in morphology and composition, the optical properties of these porous irregularly-shaped particles will be quite different from those of solid homogeneous spheres. Computational techniques aimed at the estimate of aggregate optical properties can be rather heavy. To overcome computational difficulties, effective medium theories (EMTs) are often used in the literature. However, the validity of a mixing technique requires the size of the whole particle to be comparable to the wavelength, while the inhomogeneities should be much smaller than this latter [6] . When the sizes of voids and/or material inclusions become comparable to the wavelength of the incident light, the description of a composite particle as an homogenous one is questionable [7] .
Using the vector multipole field expansion of the electromagnetic field in the framework of the transition matrix approach [8, 9] , we compute the optical properties of morphologically complex particles in which the building blocks of the cluster keep their individual structure. In section 2 we summarize the complicated evolutionary process of dust growth, exploiting random single-particle aggregation and ballistic cluster-cluster aggregation processes.
The study of interstellar dust, both in terms of chemical and morphological composition, plays also a key role in understanding the interstellar medium dynamical evolution. Different grain shapes induce selective effects on grain optical properties which might play a key role in the dynamical lifetimes of circumstellar and cross-planar dust grains [10] . Radiation pressure on dust particles affects the dynamical behaviour of grains in interplanetary space, cometary atmospheres, stellar winds and galactic discs leading to the possibility of confining dust in stable regions where gravitational and radiation forces balance. We will show the results of specific sample calculations and emphasize the role of morphology on the grain inertial response to radiation forces in Section 3.
Optical behaviour of composite grains
We assume grain aggregates to be fluffily substructured collections of very small particles, loosely attached to one another. Each particle is assumed to consist of a single material, such as silicates or carbon, as formed in the various separate sources of cosmic dust. Voids are naturally generated by random accretion of particles leading to cavities of sizes comparable to those of the coagulating grains. Because of the complexity in morphology and composition, the optical properties of these irregularly shaped aggregates are quite different from those of solid homogeneous spheres [11] .
In our computations we adopt two different models of cluster growth: firstly via single particle aggregation and then through cluster-cluster aggregation. Each step in the single particle aggregation process is characterized by the accretion of 20 spherical monomers on the surface of the cluster resulting from the previous step, until we reach the final configuration shown in figure 1 and made of 200 monomers (Ballistic Particle-Cluster Aggregation, BPCA). In the case of the Ballistic Cluster-Cluster Aggregation (BCCA) the building blocks are groups of 20 coalesced spheres with an overall compact morphology. We assume that two of such groups move along straight trajectories, undergo collisions and stick together at their first contact point. The determination of the monomer radii in real aggregates is an important problem in the future in-situ measurements [13] . We assume that the monomers, forming both BPCA and BCCA clusters, have identical radii of 5 nm. Resulting BPCA clusters have somewhat more compact structures with respect to BCCA clusters that are highly asymmetric. The fractal dimension [12] is D = 2.3 for the BPCA cluster, D = 1.5 for the BCCA cluster. Since we are using a relatively small number of spheres N ≤ 200, we do not reach the fractal limit for either cluster models.
The convergence criterion that we use throughout the calculation [14] has been carefully checked for the above clusters [15] . We perform analytical averages over the orientations of the scatterers assuming, in all cases, a random distribution of the orientations. This procedure allows to reduce noticeably the computational time. The accuracy of the averaged results is the same as the accuracy of the results for any chosen orientation of the scatterers [11, 9] .
We investigate the effects of the aggregation, studying the optical properties of the complete sequence of clusters during the coagulation process, using as grain constituents either astronomical silicates [16] or amorphous carbon [17] .
A convenient way to highlight the role of morphology is to normalize the cross sections to the number of spheres composing the aggregates. This representation is also related to the extinction power per unit mass. We follow the cluster growth process starting from the 20 spheres aggregate up to the 200 spheres configuration. In a previous work we showed that no valuable difference appears in the trend of the curves relative to the optical properties in the infrared region of the spectrum where the extinction cross sections normalized to the number of spheres (i.e. mass) overlap [15] . The behaviour is quite different in the ultraviolet region where multiple scattering processes among the constituent monomers shape the cross sections, depending on the details of the cluster morphology, i.e. the number of monomers and how they are arranged. In figures 2 − 3 we show the extinction cross section, the radiation pressure cross section, the albedo and the asymmetry parameter for the BCCA aggregates and the two reference materials. Carbon grains (figure 2) show that larger clusters are more efficient in light extinction than smaller ones. Such behaviour is absent in silicates clusters ( figure 3) , that are only slightly dependent on changes in the morphology. These considerations can be extended to the radiation pressure cross sections. As expected, albedo and asymmetry parameter increase with increasing aggregate size, i.e. increasing numbers of constituents.
Is it clustering synonymous of enhanced extinction power? The answer to this question is related to size parameters of both aggregate and constituent subunits. As a consequence there are no general recipes for composite grains. Figure 4 shows that the equivalent mass sphere is in general comparable, if not more efficient, in extinguishing radiation than aggregates, at least in the visible-ultraviolet spectral range. This is a direct consequence of the smaller size of the equivalent sphere, which approaches closer the dimension of the wavelength of the incident radiation. These results suggest that the presence of aggregation cannot give a larger extinction cross section per unit mass, with respect to the homogeneous sphere, as inferred in previous calculations based on EMT [18] .
Dynamical behaviour
A number of papers have been devoted to assessing the forces acting on dust grains resulting from radiation, gravity, gas-drag, galactic magnetic fields [19, 20, 21, 22] . A reliable knowledge of the optical properties of the cosmic dust grains is necessary in order to study their dynamical behaviour. The optical properties of a particle depend on its morphology (geometry, refractive index) as well as on its orientation with respect to the incident field. For an ensemble of identical particles whose orientational distribution is assumed to be known, the average of the radiation pressure force, F pr , reads as
where the angular brackets denote orientational average, I is the incident intensity, c is the speed of light, g is the asymmetry parameter, C T , C S and C pr are the extinction, scattering and radiation pressure cross sections, respectively. An important parameter in determining the dynamical evolution of dust is the colour of the radiation source. To quantify the effects induced by differences in chemical composition and morphology of clusters, we compute the ratio β between radiation pressure forces and gravitational forces in the case of a stellar radiation source [13] 
with
where R and M are the radius and the mass of the star. The stellar spectrum is approximated by the spectrum of a black body at an effective temperature T eff . G is the gravitational constant, h is the Planck constant, k is the Boltzmann constant, and m the grain mass.
Computed β values for the cluster configurations in figure 1 are shown in Table 1 for the circumsolar radiation field. Morphological effects are indeed significant only for the solar-type star, because of the coincidence of the peak blackbody temperature with the largest differences in the cross-sections of the adopted cluster configurations. The results shown in table 1 suggest that aggregates consisting of silicates are confined in the solar system because β < 1. Previous computations showed that, keeping the overall mass of the aggregate fixed, the larger the porosity the lower the radiation pressure cross section profile [10] . Furthermore as the aggregate porosity increases β becomes independent of the aggregate size [13] and finally, for very sparse cluster configurations (with a porosity higher than 99%), approaches a constant value deduced for the individual constituent particles [10] . The inertial response to radiation forces of highly porous aggregates tends to become similar to that of constituent particles.
Conclusions
In this paper we investigated the role of morphology and chemical composition on the optical and dynamical behaviour of fluffy interstellar grain aggregates. Since a detailed exact treatment of extinction cross sections is mandatory for a correct understanding of the nature of interstellar dust, we exploit the transition matrix technique based on the multipole expansions of the electromagnetic fields, which has proven to be general, flexible and powerful in treating scattering of light by composite, arbitrarily shaped particles [9] . The general results can be summarized as follows (i) an increase in the number of constituent monomers in carbonaceous aggregates produces larger extinction cross sections per unit mass (or unit volume); silicate materials show no significant variations; (ii) the extinction cross sections appear to be only slightly dependent on the shape of carbon aggregates; for aggregates composed by silicate spheres, no significant differences are present; (iii) mass equivalent spheres are in general comparable or even more efficient in the extinction of radiation than corresponding equal mass aggregates; (iv) the values of the ratio β of the radiation to the gravitational forces shows that there is no removal of dielectric grains (silicates) from the solar system. On the contrary, absorbing carbon grains are very likely to be moved by the radiation pressure forces against the gravity acting on them.
The present work, together with previous results [11] , might have major implications both on the modelling procedure and the dust-mass balance in the interstellar medium, supporting aggregates composed of a comparatively small number of large monomers as better candidates to explain the extinction and polarization features in the interstellar medium [5] .
